injury is a complication of the primary injury (e.g., stroke due to hematoma-related herniation) and may occur with a delay in time after the initial trauma. Intracranial injury is a leading cause of mortality and morbidity in children. 6 A skull fracture may be an indicator of intracranial injury; hence, an accurate diagnosis in pediatric head trauma is important.
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Routine imaging evaluation in pediatric head trauma includes assessment of the following: 1) CT scout image, 2) axial 2D images in bone and soft-tissue windows, and 3) 2D multiplanar reformatted images in both coronal and sagittal planes. The presence of scalp swelling or hematoma and intracranial injury such as contusion or hemorrhage may also be helpful in identifying a subtle fracture.
Multidetector CT (MDCT) provides an isotropic volume data set from which 2D, multiplanar, and 3D reconstructions can be obtained. 11 The high sensitivity of highresolution volume-rendered (VR) 3D CT in detecting skull fractures was reported in 6 pediatric human cadaver skulls after they were exposed to head drop tests. 8 The 3D data set can be made available by simple postprocessing techniques immediately after the 2D image acquisition and is a potential valuable source of information with no added cost, scan time, or radiation exposure. The postprocessing time for preparing the 3D data set by the CT technologist is approximately 5 minutes and can be performed in a workstation remote from the scanner, hence not impacting the workflow.
2D CT imaging in bone kernels with multiplanar reformats is the current standard of practice. The potential added value of 3D CT has not been assessed. The goal of this study was to compare sensitivity and specificity between combined 3D+2D CT image data sets and 2D CT alone in detecting linear skull fractures in a large cohort of children with head trauma. The image evaluation was performed by junior radiologists (resident, fellow, and junior faculty member) and measured against the standard of reference created by 2 experienced pediatric neuroradiologists.
methods
The Johns Hopkins University School of Medicine institutional research ethics board approved this study.
Study Population
The study inclusion criteria were: 1) history of minor or major head trauma, 2) head CT studies performed at our tertiary children's hospital, and 3) age younger than 18 years at scanning. The exclusion criteria were: 1) outside CT studies submitted for second opinion interpretation, and 2) fractures other than linear fractures. Head CT studies were collected through an electronic search of our pediatric neuroradiology database covering the time period between February 1, 2011, and April 30, 2013. The first 250 consecutive patients matching the inclusion criteria were selected for image analysis.
ct Protocol
The examinations were obtained on a commercially available 128 × 2-detector system (Somatom Definition Flash, Siemens) or 64-detector system (Somatom Sensation, Siemens) using our institutional pediatric CT protocol, without intravenous injection of a contrast agent for acute head trauma, with the parameters summarized in Table 1 .
Image reconstruction was performed by the CT technologist using an FDA-approved medical workstation (Leonardo, Syngo MMWP, Siemens). All examinations were subjected to VR 3D reconstruction algorithms with 360° feet-to-brain spin and 360° left-to-right spin for standardization processes and then stored on the PACS system.
image analysis
The standard of reference for diagnosis of a fracture was established by 2 experienced pediatric neuroradiologists in consensus (T.A.G.M.H. with 20 years and A.T. with 8 years of experience in pediatric neuroradiology). Neither of them participated in the study as study readers. The 2D and 3D CT image data sets were reviewed in bone windows to establish the standard of reference. The available radiological interpretations in the electronic patient records were not taken into consideration for establishing the standard of reference.
The 3 readers made independent evaluations. All CT examinations were independently evaluated by a thirdyear resident (D.S., Reader 3), a neuroradiology fellow (C.A.Z., Reader 2), and a pediatric neuroradiology attending with 1 year of experience (T.B., Reader 1). These 3 readers independently evaluated the 2D CT images initially and subsequently both the 2D+3D CT images in combination to yield 2 separate readings each. There was a 4-week time lapse between the 2 readings. For each evaluation, the readers determined: 1) the presence or absence of a linear skull fracture, and 2) if a fracture was present, the description of the involved bones (frontal, parietal, temporal, and/or occipital). The readers were also given the following options to show their certainty for positive findings: 1) definite fracture, and 2) possible fracture. To eliminate reader fatigue, the evaluation was limited to a maximum of 50 CT studies per session. The first author (G.O.) assisted each of the 3 readers during these sessions by opening only the relevant images (2D during the initial session, and subsequently both 2D+3D CT image data sets) in bone kernels during each session and entered the data in an anonymized worksheet. 
Statistical analysis
The 2 independent evaluations (2D, and 2D+3D combined) from the 3 readers were analyzed individually and in combination. The decision to classify one fracture as a missed fracture (a fracture that was present according to the standard of reference, but not reported) was considered a false-negative result, and an overdiagnosed fracture (a fracture that was not present according to the standard of reference, but was reported) was considered a falsepositive result. The decision of a possible fracture interpretation was considered as a fracture for the purpose of statistical analysis. To measure sensitivity and specificity, specific decisions (true positive, false positive, true negative, or false negative) were correlated with total decisions for all 3 readers. In addition, for all 3 readers, sensitivity and specificity were also separately analyzed for children less than 2 years of age (sutures not yet closed). A 2-tailed t-test was performed to determine the statistical significance (p < 0.05) of whether a higher proportion of falsenegative or false-positive studies were present between the 2D alone and 2D+3D data sets for all 3 readers. To compare sensitivity and specificity, 2 × 2 contingency tables were used to assess the data, and a McNemar test was performed to compare the categories.
The individual misinterpretation numbers for all readers in all children were analyzed. Using 2 × 2 contingency tables, the data were assessed between each pair of readers (Reader 1 and Reader 2, Reader 2 and Reader 3, and Reader 1 and Reader 3), and a McNemar test was used for comparison of different categories.
results
The study included 250 consecutive examinations in 250 patients (167 boys and 83 girls). The mean age of the children was 7.82 years (range 4 days to 17.4 years).
According to the standard of reference, 82 skull fractures were diagnosed in 76 children. A total of 174 children had no fractures; 38 of the 82 fractures (46.3%) were diagnosed in 32 of the 76 children (42.1%) less than 2 years of age. The distribution of each fracture with regard to its location was as follows: 35 of 82 were parietal (42.7%), 20 of 82 were frontal (24.4%), 14 of 82 were occipital (17.1%), 11 of 82 were temporal (13.4), 1 of 82 was parietal and temporal (1.2%), and 1 of 82 was parietal and occipital (1.2%).
Each reader had a total of 512 decisions to make: 164 fracture decisions (82 fractures on 2D CT, and 82 fractures on 2D+3D CT) and 348 no-fracture decisions (174 no-fracture decisions on 2D CT and 174 on 2D+3D CT). The total false-positive studies, total false-negative studies, and sensitivity and specificity of all 3 readers using 2D and 2D+3D CT for all children and for children less than 2 years of age are summarized in Table 2 , along with the statistical significances for the false-positive studies, falsenegative studies, sensitivity, and specificity of 2D+3D CT in comparison with 2D CT. In all children, sensitivity and false-negative studies (p < 0.05) demonstrated statistical significance. In children less than 2 years of age, falsepositive studies, false-negative studies, and specificity (p < 0.05) demonstrated statistical significance.
The total (all 3 readers) rate of misinterpretation for 2D 
discussion
A variety of computer algorithms can generate 3D reconstructions of CT image data sets; the 3 most commonly used techniques are shaded surface display, maximum intensity projection (MIP), and VR.
1 Previous studies have shown the utility and value of 3D head CT provided by different algorithms in the diagnosis of fractures in adults. 4, [12] [13] [14] In all children, we found that 2D+3D CT increased the sensitivity (81.3%, p < 0.05) when compared with 2D CT only (74.5%) in the diagnosis of linear skull fractures. In addition, fewer false-negative calls (or undercalls) with 2D+3D (n = 45) when compared with 2D alone (n = 65) showed statistical significance (p < 0.05). The increased sensitivity and fewer false-negative calls of 2D+3D demonstrate its capability in detection of linear fractures. Linear fractures on 2D CT may be missed when they are within the plane of the image reconstruction, and the addition of 3D should alleviate this problem (Figs. 1 and 2 ). The specificity of 2D+3D CT (90.5%) in comparison with 2D only (89.1%) did not have a statistically significant correlation, likely because complete sutural fusion in older children diminishes the uncertainty of sutures mimicking linear fractures and hence no difference in false-positive calls (overcalls). In children less than 2 years of age, 2D+3D CT demonstrated increased sensitivity and specificity (83.9% and 97.1%, respectively) in detection of linear skull fractures in comparison with 2D CT alone (sensitivity 78.2% and specificity 92.8%). Statistical significance (p < 0.05) was shown for specificity alone in children less than 2 years of age. In a previous study, 3D CT was found to be superior to plain radiography in the assessment of skull fractures in younger children with an incompletely ossified calvaria. 7 In children less than 2 years of age, the presence of open sutures may increase the diagnostic uncertainty of the 2D CT data set. Figure 3 shows 3D reconstructions of the cranial sutures of 4 children at different ages. The addition of 3D to the 2D CT data set gives the reader increased confidence as sutures and other nonfracture-related linear lucencies such as vascular channels can be easily followed and distinguished from linear fractures, hence decreasing the overcalls (falsepositive rates; Figs. 4 and 5) and increasing specificity. In addition, for children less than 2 years of age, lower falsenegatives (undercalls) and lower false-positives (overcalls) were shown with 2D+3D CT with statistical significance. The fewer false-negative results reflect the added confidence of the reader in using 2D+3D CT to identify subtle linear skull fractures in close relation to sutures in children less than 2 years of age. The accurate diagnosis of fracture in a child less than 2 years of age may be important in the setting of nonaccidental trauma.
The range of sensitivity (71.6%-78.1%) for individual readers for 2D was lower when compared with the sensitivity (80%-82.9%) for 2D+3D CT. Reader 1, with the most experience, showed no significant difference in sensitivity between 2D CT and 2D+3D CT. The addition of 3D is particularly helpful for trainees and radiologists with limited experience in the evaluation of pediatric CT studies. The benefit of 3D as a new postprocessing tool together with the increasing experience of the reader is demonstrated in this study.
Parietal bone fractures were most commonly missed Complex or depressed fractures may be more readily apparent clinically by a focal soft-tissue swelling or skullshape deformity. Linear skull fractures may not have significant scalp edema or swelling. The diagnosis of linear fractures is important, because it is an independent risk factor of intracranial injuries in children. 3 The postprocessing time of 3D CT is very short and does not add substantial indirect cost; however, its benefit of added information without additional radiation exposure in the setting of trauma has been shown in our study. Hence, it should be routinely used in the evaluation of pediatric head trauma. The efficacy of 3D CT for other clinical indications in pediatric head imaging has not been specifically evaluated.
The retrospective nature of the study and inclusion of only linear skull fractures are potential limitations. Each reader was aware of the history of head trauma for both evaluations. Accordingly, the awareness of the history of head trauma did not bias the difference in sensitivity and specificity of the 2 evaluations. In addition, the standard of reference was established by the most experienced pediatric neuroradiologists, as is typically done in daily routine. Postmortem studies were not available in our cohort of patients.
conclusions
Use of 2D+3D CT in combination demonstrates increased sensitivity in the diagnosis of linear skull fractures in all children and increased specificity in children less than 2 years of age. In children less than 2 years of age, added confidence in the interpretation of fractures by distinguishing them from sutures may have a significant implication in the setting of nonaccidental trauma. Furthermore, 3D CT is available at no added cost, scan time, or radiation exposure, which provides trainees and clinicians with limited experience an additional valuable tool for routine imaging of pediatric head trauma. 
